RasGRPs (guanine-nucleotide-releasing proteins) are exchange factors for membrane-bound GTPases. All RasGRP family members contain C1 domains which, in other proteins, bind DAG (diacylglycerol) and thus mediate the proximal signal-transduction events induced by this lipid second messenger. The presence of C1 domains suggests that all RasGRPs could be regulated by membrane translocation driven by C1-DAG interactions. This has been demonstrated for RasGRP1 and RasGRP3, but has not been tested directly for RasGRP2, RasGRP4α and RasGRP4β. Sequence alignments indicate that all RasGRP C1 domains have the potential to bind DAG. In cells, the isolated C1 domains of RasGRP1, RasGRP3 and RasGRP4α co-localize with membranes and relocalize in response to DAG, whereas the C1 domains of RasGRP2 and RasGRP4β do not. Only the C1 domains of RasGRP1, RasGRP3 and RasGRP4α recognize DAG as a ligand within phospholipid vesicles and do so with differential affinities. Other lipid second messengers were screened as ligands for RasGRP C1 domains, but none was found to serve as an alternative to DAG. All of the RasGRP C1 domains bound to vesicles which contained a high concentration of anionic phospholipids, indicating that this could provide a DAG-independent mechanism for membrane binding by C1 domains. This concept was supported by demonstrating that the C1 domain of RasGRP2 could functionally replace the membrane-binding role of the C1 domain within RasGRP1, despite the inability of the RasGRP2 C1 domain to bind DAG. The RasGRP4β C1 domain was non-functional when inserted into either RasGRP1 or RasGRP4, implying that the alternative splicing which produces this C1 domain eliminates its contribution to membrane binding.
INTRODUCTION
DAG (diacylglycerol) is a lipid second messenger that is involved in the transduction of signals from most cell-surface receptors [1] [2] [3] . Signal transduction by DAG is mediated by its binding to C1 domains, which are found on a wide variety of kinases, exchange factors and other proteins [4, 5] . The binding of DAG to their C1 domains serves to translocate these proteins to membranes, where they can interact with signalling complexes, substrates and regulators [6, 7] . In some cases, the binding of C1 domains to DAG within membranes also releases the domains of other signalling proteins, and thus contributes to enzymatic activation as well as translocation to membranes [5, 8, 9] .
C1 domains are functionally heterogeneous in terms of their ligand binding capabilities [5, 6] . Most PKC (protein kinase C) family members have a pair of C1 domains, but each of these domains can differ considerably in their affinities for DAG [6] . PKC C1 domains can also differ in their relative affinities for DAG compared with phorbol esters, which are commonly used as artificial ligands for C1 domains [6] . In general, these C1 domains have a higher affinity for phorbol esters, but for some domains, DAG is the preferred ligand [10, 11] . Some C1 domains have no detectable affinity for either DAG or phorbol esters, and therefore must have an alternative function [5] .
C1 domains are readily identified by sequence analysis owing to their characteristic spacing of two histidine residues and six cysteine residues ( Figure 1A ). These amino acids co-ordinate two zinc ions, which constrain the domain into a compact structure ( Figure 1B ). In C1 domains of known structure which bind DAG or phorbol esters, such as the second C1 domain (C1b) of PKCδ [12] or the C1 domain of β2-chimaerin [13] , two projecting loops insert into membranes and form a ligand-binding pocket ( Figure 1B ). This pocket can accommodate either the headgroup of DAG or an analogous segment of phorbol esters. Although the atomic interactions between the C1b domain of PKCδ and phorbol esters have been identified, the precise structural basis for the DAG-C1 domain interaction is unknown. The C1 domains of Raf-1 and KSR (kinase suppressor of Ras), which do not bind DAG or phorbol esters, have radical alterations in loops A and B in comparison with other C1 domain structures [14, 15] . They lack the proline residue which dictates the structure of loop A and are missing half of loop B ( Figure 1A) , and, as a consequence, these two C1 domains lack a ligand-binding pocket.
In addition to specific ligand binding via the pocket, C1 domains interact with the membrane surface [6] . Hydrophobic residues projecting from or at the base of loops A and B facilitate membrane insertion [6, 12, 16] . Basic residues distributed on the periphery of the C1 domain surface and at the C-terminus Abbreviations used: DAG, diacylglycerol; DMEM, Dulbecco's modified Eagle's medium; ER, endoplasmic reticulum; GFP, green fluorescent protein; GST, glutathione S-transferase; GRP, guanine-nucleotide-releasing protein; KSR, kinase suppressor of Ras; LPA, lysophosphatidic acid, PA, phosphatidic acid; PC, phosphatidylcholine; PG, phosphatidylglycerol; PKC, protein kinase C; PS, phosphatidylserine, SLV, sucrose-loaded large unilamellar vesicles; TCR, T-cell receptor. 1 These authors contributed equally to this work. 2 Correspondence may be addressed to either of these authors (email rkay@bccrc.ca or cornell@sfu.ca).
Figure 1 C1 domain sequences
(A) The C1 domains of the RasGRPs are compared with four C1 domains of known structure. The C1b domain of PKCδ and the C1 domain of β2-chimaerin (B2-chim.) bind DAG and phorbol esters, while the C1 domains of Raf-1 and KSR do not. The histidine and cysteine residues which co-ordinate zinc are indicated by the shaded bars. Loop A and B residues are italicized. Cationic residues which have the potential to interact with anionic phospholipids within membranes are in boldface. For the C1 domains used in this study, the sequences extending to the C-termini of the expressed proteins are shown, with non-natural amino acids in lower case. The N-termini indicate where the C1 domains were fused to GFP, GST or K-Ras. Numbering of the residues within the C1 domains is shown above the RasGRP1 C1 domain sequence. (B) The C1b domain of PKCδ (PDB code 1PTQ) illustrates the generic structure of a C1 domain that binds DAG or phorbol esters. The zinc atoms are shown as orange balls. Tyr 8 , Thr 12 and Trp 22 are highlighted in yellow. Four of the cationic residues implicated in membrane interactions, Lys 26 , Lys 30 , Lys 41 and Lys 45 , are highlighted in blue. The image was generated with PyMol (http://pymol.sourceforge.net/). Amino acid residues are indicated using the one-letter code.
( Figure 1A ) provide electrostatic interactions with anionic phospholipids and thus enhance DAG-mediated binding to membranes [12, [17] [18] [19] . For KSR and Raf-1, these hydrophobic and electrostatic interactions may enable DAG-independent membranebinding [15, 20] .
RasGRPs (guanine-nucleotide-releasing proteins) are exchange factors for membrane-bound Ras or Rap GTPases [21] . All RasGRP family members contain C1 domains. This suggests that the activity of all RasGRP family members could be regulated by membrane translocation, which may be mediated by binding of their C1 domains to DAG. Evidence for this hypothesis has been obtained for RasGRP1 and, to a lesser extent, for RasGRP3. Activation of RasGRP1 and RasGRP3 by antigen receptors requires DAG-generating phospholipases Cγ [22] [23] [24] and is inhibited by DAG kinases [25] [26] [27] [28] . This does not necessarily reflect the involvement of a DAG-C1 domain interaction, because activation of both RasGRP1 and RasGRP3 requires phosphorylation of these proteins by DAG-dependent PKCs [29] [30] [31] [32] [33] . However, for RasGRP1, it is clear that a direct DAG-C1 domain interaction contributes to the membrane-localization step of its activation process. Phospholipase Cγ 1 is required for TCR (T-cell receptor)-induced translocation of RasGRP1 to membranes, which can be inhibited by DAG kinase [25, 34, 35] , and deletion of the C1 domain eliminates binding of RasGRP1 to membranes [36] [37] [38] . The isolated C1 domain of RasGRP1 translocates to membranes in vivo in response to DAG [38, 39] and phorbol esters [37, 38] and binds directly to both DAG [39] and phorbol esters [19, 37, 40] .
Although direct binding of the C1 domain of RasGRP3 to DAG has not been demonstrated, the domain does bind phorbol esters [19] . The large variations in affinity for DAG compared with phorbol esters of several PKC C1 domains [6] shows that the assumption that phorbol ester binding equates with DAG binding may not be accurate. Antigen-receptor-induced membrane translocation of RasGRP3 also requires its C1 domain and phospholipase C activity [24] and is induced by either DAG or phorbol esters [41] . Therefore the available evidence supports the hypothesis that RasGRP3, like RasGRP1, is regulated in its translocation to the membrane by the interaction of its C1 domain with DAG.
RasGRP4 has several splice variants [42, 43] . Two of these splice variants, RasGRP4α and RasGRP4β, have intact C1 domains, although there are an extra five amino acids present within the RasGRP4β C1 domain in comparison with RasGRP4α ( Figure 1A ). Phorbol ester treatment induces membrane translocation and activation of RasGRP4α [44] . Both RasGRP4α and RasGRP4β synergize with phorbol esters to induce transformation of fibroblasts, while another RasGRP4 splice variant with a truncated C1 domain is unable to transform fibroblasts [42, 43] . An isolated form of the C1 domain of RasGRP4α binds directly to phorbol esters within phospholipid vesicles [19] , but phorbol ester binding by the RasGRP4β C1 domain or DAG binding by either of the RasGRP4 C1 domains was not examined. These results are compatible with both RasGRP4α and RasGRP4β being activated by membrane translocation driven by the binding of DAG to their C1 domains. However, the evidence for this is not well established at present, particularly for RasGRP4β.
The evidence for regulation of the Rap-specific exchange factor RasGRP2 via a DAG-C1 domain interaction is somewhat contradictory. RasGRP2 is activated by phorbol esters in several cell types [45] [46] [47] [48] , and the ability of RasGRP2 to enhance TCRinduced adhesion via Rap GTPase activation is dependent on TCR-coupled phospholipases C [49] . Translocation of RasGRP2 to membranes, resulting in the activation of membrane-associated Rap GTPases, can be induced by PMA [45] and a variety of receptors coupling to phospholipases C [48] [49] [50] [51] . This tends to result in the assumption that RasGRP2 is equivalent to RasGRP1 and RasGRP, and that RasGRP2 can be regulated by the interaction of its C1 domain with DAG-enriched membranes. However, a synthetic RasGRP2 C1 domain had no detectable affinity for phorbol esters in a vesicle-binding assay [19] , in contrast with the C1 domains of RasGRP1, RasGRP3 and RasGRP4α. This result has to be interpreted with caution, because the C1 domains of the peripheral membrane proteins munc-13 and unc-13, which bind phorbol esters when biologically expressed [52, 53] , failed to bind phorbol esters when synthesized and analysed in the same way as the RasGRP2 C1 domain [19] . Therefore it is possible that the lack of phorbol ester binding reflected misfolding of the synthetic RasGRP2 C1 domain. Binding to DAG was not examined using the synthetic RasGRP2 C1 domain. The localization of full-length RasGRP2 compared with RasGRP1 is different in several cell types [34, 36, 54] . This suggests that the the localization of both of these RasGRPs is not determined solely by their C1 domains seeking out membranes enriched in DAG. Other domains of both RasGRP1 [39] and RasGRP2 [22, 55] can have dominant effects on the protein localization, and thus could obscure equivalent contributions of their C1 domains to localization. It remains unknown whether the C1 domain of RasGRP2 contributes to its localization to membranes, and if the C1 domains do contribute, whether they do so by binding DAG.
The objective of the present study was to determine the abilities of the C1 domains of RasGRP2, RasGRP4α and RasGRP4β to associate with membranes by interacting with DAG. Our in vivo and in vitro experiments demonstrated that the C1 domain of RasGRP4α binds DAG within membranes, although with a moderately reduced affinity compared with the RasGRP1 C1 domain. In contrast, the C1 domains of RasGRP2 and RasGRP4β did not bind DAG, although they interacted with membrane vesicles enriched in anionic phospholipids in an manner equivalent to that of other C1 domains. From these results, we conclude that RasGRP2 and RasGRP4β cannot be regulated directly by DAG binding to their C1 domains, thus disproving the common assumption that all RasGRPs are regulated by membrane translocation driven by a DAG-C1 domain interaction [45, 48, 50, 51, 56, 57] . However, our finding that all of the RasGRP C1 domains can interact with anionic phospholipids suggests that this mechanism could contribute to membrane localization of RasGRPs.
MATERIALS AND METHODS

Construction and expression of GFP (green fluorescent protein)-C1 domain fusion proteins
cDNAs encoding the C1 domains were generated by PCR from cDNAs and cloned into the pEGFP-C1 vector (Clontech) to create GFP-C1 domain fusion proteins upon expression. The sequences of the encoded C1 domain peptides are shown in Figure 1 (A). All of the C1 domains are murine-derived, with the exception of human Raf-1. The sequence of the C-terminal portion of the GFP peptide in these constructs is DELYKSGLRS-LKST, with this sequence being fused to the N-termini of the C1 domain sequences in Figure 1 (A). The fusion constructs encoding the GFP-C1 domain were cloned into the retroviral vector pCTV211 [58] , converted into retroviral particles by transfection into the BOSC 23 packaging cell line [59] and transduced into NIH 3T3 (A.T.C.C.) or DO11.10 [60] cell lines. Polyclonal populations of transduced cells were obtained by selection using puromycin.
Fluorescence microscopy
Transduced NIH 3T3 cells were cultured on coverslips for 24 h in DMEM (Dulbecco's modified Eagle's medium) containing 4.5 g/l glucose plus 10 % (v/v) fetal calf serum, then transferred to the same medium containing either 10 % or 0 % (v/v) fetal calf serum for an additional 16 h. The cells were treated for 5 min with 2 µM PMA (Sigma) in DMSO, 100 µM dioctanoylglycerol (Sigma) in DMSO, or with DMSO alone as a control. DO11.10 T-cells [60] and WEHI-231 B-cells (A.T.C.C.) were allowed to adhere to poly-L-lysine-coated coverslips and cultured in DMEM supplemented with 10 % (v/v) fetal calf serum for 24 h. After fixation with 4 % (v/v) formaldehyde in PBS for 2 min, the cells were permeabilized with 0.2 % (v/v) Triton X-100 in PBS and stained with an Alexa Fluor ® 488-conjugated anti-GFP antibody (Invitrogen) as a secondary antibody. This increases the sensitivity of detection of GFP compared with GFP fluorescence on its own. To highlight Golgi membranes, cells were co-stained with the anti-GFP antibody and a mouse anti-GM130 antibody (BD Biosciences), followed by use of an Alexa Fluor ® 647-conjugated anti-(mouse IgG) antibody (Invitrogen) as a secondary antibody. ER (endoplasmic reticulum) was stained by treatment of unfixed cells with glibenclamide BODIPY ® (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) -Texas Red ER Tracker (Invitrogen), followed by fixation using formaldehyde in PBS and subsequent staining with anti-GFP was performed as described above. Images were captured using OpenLab imaging software.
Preparation of cellular membrane and cytosol fractions
Transduced NIH 3T3 cells cultured to 50 % confluence were serum-starved for 3.5 h in DMEM containing 1 mg/ml BSA and were then treated for 15 min with DMEM containing 1 mg/ml BSA and 300 µM dioctanoylglycerol, a short-chain DAG. On ice, cells were washed three times with cold PBS, scraped into 0.25 ml of lysis buffer [20 mM Tris (pH 7.4), 2 mM EDTA, 2 mM PMSF, 2.5 µg/ml leupeptin, 2 µg/ml chymostatin, 1 µg/ml antipain, 2 µg/ml pepstatin, 10 µg/ml benzamidine and 10 µg/ml p-aminobenzadine] and lysed by sonicating twice for 30 s in ice at 20 % power using a Fisher Model 300 ultrasonic generator. The NaCl concentration was adjusted to 0.15 M, and the lysate was centrifuged at 100 000 g for 60 min to separate cytosol from particulate. The resulting pellet was resuspended by two rounds of sonication for 30 s on ice at 20 % power in lysis buffer with 0.15 M NaCl and 1 % (v/v) Triton X-100, and centrifuged at 100 000 g for 60 min to separate detergent-soluble membranes from insoluble particulate matter. Equivalent volumes of each fraction were added to Laemmli sample buffer without 2-mercaptoethanol and were subjected to, without boiling, SDS/PAGE (10 % gels). Gels were immediately scanned with a Typhoon 9410 imager (488 nm Blue2 laser, 520 nm BP filter) (Amersham Biosciences) and the fluorescence of GFP-C1 domain bands was quantified using the ImageQuant program. The percentage of the GFP fluorescence in the membrane fraction was calculated as the fluorescence intensity of the band in the detergent-soluble microsome fraction relative to the sum of the intensities of the protein bands in the three subcellular fractions. The recovery in the three subcellular fractions, which was expressed as a percentage of the total-cell lysate fluorescence intensity, was on average 99 + − 9%(S.D.), with a range of 87-116 %.
Construction of K-Ras-C1 fusion, RasGRP1 -C1 fusion and RasGRP4α-GFP and RasGRP4β-GFP fusion constructs
The K-Ras Q61N 173-188 mutant has the C-terminal amino acid sequence KEKMSKDGSTEA (residues not naturally present in K-Ras are italicized). Fusions of K-Ras Q61N 173-188 to C1 domains contain the sequence KEKMSKDGST fused to the N-termini of the C1 domain sequences in Figure 1 . For the K-Ras/prenylation construct, the basic cluster and prenylation signal of K-Ras, along with an HA (haemagglutinin) epitope tag, was reattached to the K-Ras Q61N 173-188 mutant, resulting in the C-terminal sequence KEKMSKDGSTEAYPYDYASGSRK-HKEKMSKDGKKKKKKSKTKCVIM. The N-terminus of KRas Q61N 173-188 was fused to GFP, with the junction sequence being DELYKSGLRSFLLKMTEYKLVVV.
The N-terminal GFP-tagged and C-terminally deleted form of murine RasGRP1 (RasGRP1 ) was fused to GFP at amino acid 2 of RasGRP1 (GenBank ® accession NP 035376). The sequence at this N-terminal fusion site is DELYKSGLRSSAQSE-GTLGKAR with the natural sequence of RasGRP1 in bold. The sequence at the C-terminal fusion junction is YSKLG-ST[C1 domain], with the C1 domain sequences shown in Figure 1 .
Murine RasGRP4α and RasGRP4β with N-terminal GFP tags contained the sequence DELYKSGLRSLKSNRKD-IKRKS at the GFP-RasGRP4 junction, with the natural sequence of RasGRP4 (starting at amino acid 2) in bold. The encoded RasGRP4α is identical with the database sequence (GenBank ® accession AF331457), while the encoded RasGRP4β is identical except for the five-amino-acid insertion in the C1 domain.
NIH 3T3 transformation assays
cDNAs encoding the specified K-Ras fusion constructs were inserted into the retroviral vector pCTV211, converted into retrovirus, transduced into NIH 3T3 cells and selected as described above. Transduced cells were seeded at 10 % confluence. For assessment of transformation in 10 % serum, the cells were then cultured continuously for 3 days (K-Ras only) or 5-7 days (for RasGRPs) after the cells had formed a monolayer, then imaged. For low-serum transformation assays, the cells were transferred to DMEM containing 0.5 % (v/v) fetal calf serum for 1 day, followed by another 2 days in DMEM containing 0.5 % (v/v) fetal calf serum only (control) or supplemented with 0.1 µM PMA. The cells were then imaged. The photographed regions were representative of the appearance of the cells across the entire culture dish. To quantify transformation efficiency, NIH 3T3 cultures transduced with the indicated constructs were seeded at a low density. After colonies had grown up from individual cells, they were scored either as transformed or non-transformed cells:
Transformation efficiency = number of transformed colonies/ total number of colonies More than 30 colonies were scored.
Construction, expression and purification of GST (glutathione S-transferase)-C1 fusion proteins
cDNAs encoding C1 domains were inserted into the GST fusion vector pGEX-2T (Amersham Biosciences), resulting in N-terminal GST fusions containing the junction sequence LVPRGSLKST, with this sequence being fused to the N-termini of the C1 domain sequences in Figure 1 (A). The plasmids were transformed into Escherichia coli strain AD202 and cultured in Luria-Bertani medium overnight at 37
• C to saturation. The cell culture was then diluted 40-fold and grown at 37
• C to D 600 of 0.8. After 10 min on ice, cells were induced with 0.5 mM IPTG (isopropyl β-D-thiogalactoside) for 5 h at 28
• C. The bacterial cell pellet was resuspended in cold PBS containing 1 % (v/v) Triton X-100 and 2 mM PMSF, and the cells were lysed by use of a French press. Insoluble material was removed by centrifugation at 15 000 g for 30 min. GST-C1 domains in the soluble fraction were incubated for 2 h at 4
• C with glutathione-Sepharose beads pre-equilibrated in 1 % (v/v) Triton X-100 in PBS (Amersham Bioscience) (2 ml of a 50 % slurry of glutathione-Sepharose beads/litre of cultured cells). The glutathione-Sepharose beads were collected using a mini-column and washed sequentially with 1 % (v/v) Triton X-100 in PBS, PBS, 50 mM Tris/HCl (pH 7.5) and 0.15 M NaCl before elution of the GST fusion protein in 50 mM Tris/HCl (pH 7.5), 0.15 M NaCl and 5 mM glutathione. The fusion protein concentration was quantified by use of a Bradford assay, using ovalbumin as a standard. The GST fusion proteins were divided into portions and stored at − 80
• C for use in the in vitro vesicle-binding assay. On average, 40 mg of the GST-C1 fusion protein was obtained per litre of bacterial culture.
Binding of GST-C1 domain fusion proteins to sucrose-loaded phospholipid vesicles
Binding of GST-C1 domain fusion proteins to SLVs (sucroseloaded large unilamellar vesicles) was measured using a protocol based on one described previously [17, 61] . PC (phosphatidylcholine) (1-palmitoyl-2-oleoyl PC), PS (phosphatidylserine) (1,2-dioleoyl PS), PG (phosphatidylglycerol) (1,2-dioleoyl PG), a longchain DAG (1,2-dioleoylglycerol), PA (phosphatidic acid) (1-palmitoyl-2-oleoyl PA), LPA (lysophosphatidic acid) (1-palmitoyl-2-hydroxyglycerophosphate) and ceramide (N-palmitoyl-D-erythro-sphingosine) were all obtained from Avanti Polar Lipids or Northern Lipids, and oleic acid and arachidonic acid were purchased from Sigma. Lipid vesicles were prepared by drying mixtures of lipids in chloroform (including trace amounts of [ 3 H]dipalmitoyl PC for to allow quantification of recovery) on a rotary evaporator, which was resuspended in 20 mM Hepes (pH 7.5) and 170 mM sucrose by vigorous vortexmixing to a final lipid concentration of 2 mM, followed by five freeze-thaw cycles in liquid nitrogen. These multilamellar vesicles were stored at − 20
• C until use. On the day of the experiment, SLVs were prepared by extrusion at room temperature (20 • C) through a 100 nm pore-size membrane using a Lipofast Microextruder (Avestin). Extruded vesicles were diluted 5-fold in 100 mM NaCl and 20 mM Hepes (pH 7.5) and centrifuged at 100 000 g for 30 min at 25
• C to dilute the free sucrose. The majority (80 %) of the supernatant was removed, and the resulting pellet was resuspended by vigorous vortex-mixing in the residual volume. PMA (in DMSO as a stock) was subsequently added and vortex-mixed vigorously such that the final concentration of DMSO was < 2 % (v/v). GST-C1 domain fusion proteins (0.38-0.48 µM) were incubated with SLVs (200 µM, except 125 µM in Figure 6A ) for 10 min in the presence of 20 mM Hepes (pH 7.5), 100 mM NaCl and 0.05 mg/ml ovalbumin in a volume of 120 µl. Vesicle-bound protein was separated from unbound protein by centrifugation at 100 000 g for 30 min at 25
• C. More than 90 % of the [ 3 H]dipalmitoyl PC label was present in the pellet fraction. Separate samples of fusion proteins were treated in the same way in the absence of added SLVs to quantify vesicle-independent sedimentation. The quantity of protein in each fraction was determined by analysis of supernatant and pellet fractions by resolution on SDS/PAGE on a Tricine gel system [62] . Gels were stained with SYPRO Orange stain (Invitrogen) according to the manufacturer's instructions, and imaged using a Typhoon 9410 imager [488 nm Blue2 laser, 580 nm BP (band-pass) filter]. The fluorescence intensities of the GST-C1 bands were quantified using the ImageQuant program and calculated as follows:
where P is the intensity of the fluorescence band as calculated from the pellet fraction and S is the intensity of the fluorescence band from the supernatant fraction. The pellet intensities were corrected for contamination by supernatant, as well as protein that sedimented in the absence of vesicles. The latter correction resulted in some percentage bound values being less than zero. The apparent association constant, K a = (B/F) × 1/L, where B is fraction of protein bound in the pellet, F is the fraction of free protein in the supernatant and L is the molar concentration of accessible lipid (0.5 × total lipid concentration, since the C1 domain only binds the outer leaflet).
RESULTS
Sequence comparison of RasGRP C1 domains
Modelling of the RasGRP1 C1 domain indicates that the A and B loops can form a ligand-binding pocket that is very similar to that of the C1b domain of PKCδ [63] . The RasGRP3 C1 domain is identical with that of RasGRP1 in loop A, except for an asparagine residue in place of a threonine residue at the base of the loop. Loop B has a isoleucine/valine switch present ( Figure 1A) . To assess the DAG-or phorbol-ester-binding potentials of the C1 domains of RasGRP2 and the two splice variants of RasGRP4, we compared their ligand-binding loops with those of RasGRP1 and 3, the C1b domain of PKCδ and to the C1 domain of β2-chimaerin ( Figure 1A ).
There are two atypical residues in loop A of the RasGRP2 C1 domain. RasGRP2 has a serine residue at position 8 compared with tyrosine or phenylalanine in the DAG/phorbol-ester-binding C1 domains. Mutation of Tyr 8 to glycine in the PKCδ C1b domain reduced, but did not eliminate, phorbol ester binding [64] . The other atypical residue in loop A of RasGRP2 is Val 12 , which is threonine or histidine in the DAG-and phorbol-ester-binding C1 domains ( Figure 1A) . Mutation of Thr 12 to valine in PKCδ C1b resulted in a minor reduction in phorbol ester binding of the C1b domain [64] , while a similar mutation in the DAG kinase β C1a domain from Ala 12 to threonine moderately increased phorbol ester binding [65] . The significant discrepancy in loop B of the RasGRP2 C1 domain is Leu 22 , which corresponds with tryptophan in the DAG-and phorbol-ester-binding C1 domains (Figure 1 ). In the C1b domain of PKCβ, switching this residue from Tyr 22 to tryptophan increased the affinity for DAG and increased the co-localization with perinuclear membranes [66] . Switching tyrosine to tryptophan at this position has the potential to affect DAG affinity by causing major perturbations in the shape of the ligand-binding pocket [66] . The effect of leucine at position 22 is unknown. While the variations at positions 8, 12 and 22 serve as 'warning flags' that the DAG-or phorbol-ester-binding capabilities of the RasGRP2 C1 domain should not be taken for granted, none of these changes by itself is predicted to eliminate binding of either of these ligands.
The RasGRP4α C1 domain has no atypical residues in loops A or B relative to the DAG-/phorbol-ester-binding C1 domains shown in Figure 1(A) . Therefore it is expected to bind both DAG and phorbol esters. In RasGRP4β, there is an insertion of five amino acids at the N-terminus of loop B. Although this insertion could radically disrupt the ligand-binding pocket, it is possible that the inserted amino acids project outward, with most of loop B remaining in position to form one side of the ligand-binding pocket. In the latter case, the RasGRP4β C1 domain could retain binding of DAG and/or phorbol esters, or could have an altered ligand specificity relative to the C1 domain of RasGRP4α.
All of the RasGRP C1 domains have cationic residues within their C1 domain and C-terminal to their C1 domain ( Figure 1A ), which are positioned to interact electrostatically with anionic phospholipids [7] . In conjunction with the hydrophobic residues projecting from loops A and B, these have the potential to either co-operate with DAG to enhance membrane-binding affinity or mediate DAG-independent interactions with membranes.
To summarize, the C1 domain of RasGRP4α is expected to bind both DAG and phorbol esters on the basis of the amino acid sequence similarities in loops A and B to other C1 domains, but the ability of the C1 domains of RasGRP2 and RasGRP4β to bind either of these ligands cannot be predicted with confidence from their sequences. All of the RasGRP C1 domains have the potential to bind membranes independently of DAG or phorbol esters by means of electrostatic and hydrophobic interactions. A combination of in vivo and in vitro experiments are needed to resolve the question of whether all RasGRP C1 domains can mediate the membrane binding required for juxtaposing these exchange factors with their Ras or Rap GTPase substrates and to assess whether this is achieved by direct binding of the C1 domains to DAG.
Only the C1 domains of RasGRP1, RasGRP3 and RasGRP4α co-localize with membranes and translocate in response to DAG or phorbol esters Fusion constructs of C1 domains with GFP were expressed in NIH 3T3 fibroblasts to compare the localization of the five RasGRP C1 domains to the DAG-binding PKCδ C1b domain with the localization of the Raf-1 C1 domain, which does not bind DAG. The GFP-C1 domain fusions for RasGRPs and PKCδ included clusters of cationic amino acids which are found naturally immediately C-terminal to the C1 domains, as these have been shown to contribute to membrane binding in vivo and in vitro [19, 38] . For the Raf-1 C1 domain, the cationic cluster from RasGRP1 was attached to ensure that any deficiencies in membrane binding demonstrated by the Raf-1 C1 domain were not simply due to its lack of a cluster of cationic amino acid residues.
In NIH 3T3 cells cultured in 10 % serum, the Raf-1 C1 domain and GFP alone were both distributed throughout the nucleus and cytoplasm (Figure 2A ). In contrast, the PKCδ C1b domain and the RasGRP1 C1 domain were excluded from the nucleus and were concentrated in the perinuclear cytoplasm, where they colocalized with internal membranes. This was shown by staining of GFP-RasGRP1 C1 domain-expressing cells with ER tracker (glibenclamide), which binds to sulfonylurea receptors in the ER [67] or by fluorescence using an antibody to the Golgiassociated protein GM130 [68] (Figure 2B ). The C1 domain of RasGRP3 was also largely co-localized with internal membranes, while the C1 domain of RasGRP4α was similarly localized, but was accumulated away from internal membranes and partially localized to the nucleus. The C1 domains of RasGRP2 and Ras-GRP4β were radically different in their localization from RasGRP1 or RasGRP3 C1 domains. The Ras GRP1 and Ras GRP3 C1 domains were distributed throughout the cytoplasm and nucleus, as was seen for the Raf-1 C1 domain and GFP alone. A similar pattern of C1 domain localization was seen in the Tcell line DO11.10 and the B-cell line WEHI-231, where the C1 domains of RasGRP1 and RasGRP3 strongly co-localized with internal membranes, the C1 domains of RasGRP2 and RasGRP4β being dispersed throughout the cells, and the C1 domain of RasGRP4α being partially excluded from the nucleus, but only weakly co-localized with internal membranes (Figure 3) .
Culturing NIH 3T3 cells in medium lacking serum resulted in a considerable disturbance in the distribution of the RasGRP4α C1 domain from perinuclear membranes into the nucleus (Figure 2A) . Serum starvation had no noticeable effect on the other C1 domains. Relative to the RasGRP1 and RasGRP3 C1 domains, the RasGRP4α C1 domain appeared to be more dependent on serum stimulation to maintain its localization at the internal membrane, as the domain was less co-localized upon starvation. However, it is clearly distinguished from the C1 domains of RasGRP2 and RasGRP4β which lack co-localization with membranes.
Treatment of the serum-starved NIH 3T3 cells with dioctanoylglycerol, a short-chain DAG, induced accumulation of the C1 domains of PKCδ and RasGRP1, RasGRP3 and RasGRP4α in the nuclear envelope, while retaining their localization in the perinuclear region (Figure 2A ). This membrane-selective relocalization presumably reflects accumulation of exogenous DAG at the nuclear envelope. Exogenous DAG could also have accumulated at the ER and Golgi, but with no discernible effect on the C1 domains, because they were already located at these sites, potentially by the presence of endogenous DAG. PMA also resulted in relocalization of the C1 domains of RasGRP1, RasGRP3, RasGRP4α, and PKCδ. PMA had no observable effect on the localization of the C1 domains of Raf-1, RasGRP2 or RasGRP4β (Figure 2A) , nor did DAG when serum-starved cells were incubated at either 100 µM for 5 min (Figure 2A ) or 300 µM for 5 or 15 min (results not shown).
A differential response of the C1 domains of RasGRP1 and RasGRP4α compared with RasGRP2 and RasGRP4β was observed when DAG-induced membrane binding was assessed by fractionationofNIH3T3cells.GFP-taggedC1domainswerequant-ified in cell lysates, cytosol, detergent-solubilized particulate fraction (membrane fraction) and a detergent-insoluble particulate fraction. The percentage of each C1 domain in the membrane fraction is shown in Figure 4 . In serum-starved cells, less than 10 % of each C1 domain was present in the membrane fraction. After DAG treatment, 35-40 % of the C1 domains of PKC, RasGRP1 and RasGRP4α were membrane-associated, whereas the RasGRP2 and RasGRP4β C1 domains, like the Raf-1 C1 domain, did not show significant DAG-induced changes in membrane binding.
The C1 domains of RasGRP1 and RasGRP4α bind directly to DAG within phospholipid membranes, while the C1 domains of RasGRP2 and RasGRP4β do not
To determine whether the differences in membrane localization of the RasGRP C1 domains reflected differences in their abilities to directly bind DAG or phorbol esters within phospholipid bilayers, we investigated their binding to unilamellar phospholipid vesicles in vitro. C1 domains were expressed in E. coli as GST fusion proteins and purified by affinity chromatography on glutathioneagarose beads. The GST-C1 fusion proteins resolved as expected by SDS/PAGE (single 34 kDa species), with the exception of the GST-RasGRP3 C1 construct, which had a significant amount of a smaller 26 kDa GST species present, indicating partial premature termination of translation near the GST/C1 junction had occurred. Binding of the C1 domains to phospholipid bilayers was assessed by their co-sedimentation with SLVs composed of PC supplemented with 5 mol% of the anionic phospholipid PS, either alone or in combination with 5 mol% 1,2-dioleoylglycerol (a long-chain DAG) or 1 mol% PMA. The PKCδ C1b and Raf-1 C1 domains were used as positive and negative controls to test this system ( Figure 5A ). The PKCδ C1b domain bound poorly to the PC/5 % PS vesicles and very well to vesicles containing DAG or PMA. In contrast, the Raf-1 C1 domain had no significant vesicle binding in the absence or presence of DAG or PMA. The RasGRP1 C1 domain behaved similarly to the PKCδ C1b domain, as the addition of either DAG or PMA induced nearly complete binding to the vesicles ( Figure 5A ). The RasGRP3 and RasGRP4α C1 domains were similar in binding preferences to the C1 domain of RasGRP1. Nearly complete binding occurred to the PMA-containing vesicles, but this binding affinity was reduced for DAG-containing vesicles ( Figure 5A ). The C1 domains of RasGRP2 and RasGRP4β had minimal vesicle binding and this was not altered by the addition of either DAG or PMA.
These vesicle-binding properties mirror the results obtained from the in vivo experiments and confirm that direct binding to DAG and PMA is restricted to the C1 domains of RasGRP1, RasGRP3 and RasGRP4α. This initial vesicle-binding experiment also indicated that there could be quantitative heterogeneity among these three DAG-binding C1 domains. However, the lower DAG binding of the RasGRP3 C1 domain seen in Figure 5 (A) may be artifactual, because it was produced as a mixture of fulllength and truncated GST-C1 fusion proteins. It is known that GST can dimerize, and this would have resulted in some GST binding to GST-C1, resulting in heterodimers which would have reduced avidity for membranes relative to GST-C1 homodimers, owing to a reduction in the number of DAG-binding sites within the heterodimer compared with the homodimer. Considering this anomaly, the RasGRP3 C1 domain was not used in subsequent experiments aimed at quantifying differences in DAG-dependent and DAG-independent membrane binding.
The C1 domains of RasGRP1 and RasGRP4α have different affinities for DAG
Binding of the RasGRP1 C1 domain was compared with the binding of the RasGRP4α C1 domain to PC/10 mol% PS vesicles, in the presence of DAG concentrations ranging from 0 to 2 mol% ( Figure 5B) . Binding of the RasGRP4α C1 domain was less sensitive to DAG at low concentrations and reached saturation at 2 mol% DAG, compared with 1 mol% DAG for the RasGRP1 C1 domain. The binding curve for the PKCδ C1b domain was an intermediate curve between those for RasGRP1 and for RasGRP4α at low DAG concentrations; saturation was reached at a lower concentration of DAG than was required for the RasGRP4α C1 domain. From these binding curves we calculated the apparent affinity constants for membranes containing 10 mol% PS and 0.2 mol% DAG. The values are 21 000, 7500 and 3800 M −1 for the RasGRP1, PKCδ and RasGRP4α C1 domains respectively. Figure 5 (B) also indicated that the RasGRP1 C1 domain binds more strongly to 10 mol% PS vesicles containing no DAG, in comparison with the RasGRP4α or PKCδ C1b domains.
The role of anionic phospholipid in the response to DAG is illustrated in Figure 5 (C). Binding of the C1 domains of PKCδ, RasGRP1 or RasGRP4α to vesicles containing 2 mol% DAG was enhanced by the presence of either PS or PG (anionic phospholipids) at 5 mol%. Of the three, the RasGRP4α C1 domain showed the weakest binding and was the most dependent on the presence of the anionic phospholipid. Membrane binding of the RasGRP C1 domains does not specifically require the PS headgroup. Instead, they appear to respond to the negative charge on the membrane surface, which is the case for the PKCδ C1b domain as well as other PKC C1 domains [17] .
PA, LPA, ceramide, fatty acids and sphingosine 1-phosphate are not alternative ligands for RasGRP2 or RasGRP4β
The RasGRP2 and 4β C1 domains do not bind to DAG, but their sequences are compatible with their having a modified pocket structure that could bind to an alternative ligand. To address the hypothesis that the C1 domains of RasGRP2 and RasGRP4β are specialized to recognize lipid second messengers other than DAG, we tested candidate lipid ligands which have small headgroups which are likely to be suitable for occupying the pocket and which act as signalling molecules.
PA was of particular interest as a ligand because it can be generated from DAG by DAG kinases, which have been functionally linked to RasGRPs [25] [26] [27] 69] . However, PA at 5 mol% did not promote vesicle binding of any of the C1 domains, under conditions in which 5 mol% DAG promoted nearly complete binding of the C1 domains of RasGRP1, RasGRP4α and PKCδ ( Figure 6A ). Other signalling lipids with larger headgroups, LPA and sphingosine 1-phosphate, also failed to promote binding of the C1 domains of RasGRP1, RasGRP2 or RasGRP4β ( Figure 6B ). Ceramide is structurally similar to DAG and has been postulated to be a potential ligand for the non-DAGbinding C1 domains of Raf-1, PKCs and DAG kinases, although a direct interaction with these or any other C1 domain has not been demonstrated [70 -72] . Ceramide at 5 mol% was also ineffective as a ligand for the C1 domains of RasGRP1, RasGRP2 or RasGRP4β ( Figure 6B ). Fatty acids, particularly polyunsaturated species such as arachidonic acid, have been reported to influence the activity of some PKC isoforms [73] . Arachidonic acid results in a C1b-dependent redistribution of PKCε in CHO (Chinesehamster ovary) cells [70] , which implied that it could be a ligand for other C1 domains. Arachidonic acid and another fatty acid, oleic acid, both induced a minor increase in membrane binding of the C1 domains of RasGRP1 and RasGRP2 ( Figure 6B ). However, this is likely to be as the result of an increased membrane negative charge provided by these anionic lipids (see below).
High concentrations of anionic phospholipids enable membrane binding by RasGRP C1 domains in the absence of DAG
Electrostatic interactions with anionic phospholipids have the potential to provide a DAG-independent mechnism for membranebinding by C1 domains. The anionic-lipid-dependence for membrane binding in the absence of DAG was tested, and the results are shown in Figure 7 (A). All RasGRP C1 domains bound vesicles in an anionic-lipid-dependent manner. GST alone did not bind these vesicles, regardless of the anionic lipid composition (results not shown). All C1 domains were > 60 % bound to vesicles containing 40 mol% PS, but the sensitivity to lower PS concentrations was variable. The RasGRP1 C1 domain was the most PS-sensitive of all the C1 domains tested, with considerable binding to vesicles containing just 10 mol% PS and only minor increases in binding at higher PS concentrations. Along with the PKCδ C1b domain, the RasGRP4β C1 domain had the weakest binding response, requiring greater than 20 mol% PS for a similar level of binding to other C1 domains tested. The C1 domains of RasGRP2, RasGRP4α and Raf-1 had intermediate dependencies on PS, with transitions from low to high binding occurring between 10 and 20 mol% PS.
In addition to their charges, the specific structures of anionic phospholipid headgroups could influence C1 domain binding to membranes. This is of considerable biological interest because the C1b domain of PKCδ has a selective affinity for PS, which contributes to its preferential localization at the PS-enriched plasma membrane [11, 74] . We observed a selectivity for PS by the C1b domain of PKCδ ( Figure 7B ). The RasGRP C1 domains, like the Raf-1 C1 domain, showed no significant preference for PS compared with PG or PA and are therefore likely to interact with anionic phospholipids strictly through an electrostatic interaction rather than by specific headgroup recognition. The data in Figure 7 (B) also show weaker binding of RasGRP4β and PKCδ C1 domains to anionic lipids compared with the other C1 domains.
These experiments demonstrated that all RasGRP C1 domains can bind to membranes in the absence of DAG if anionic phospholipids are present at sufficient concentrations. Because anionic phospholipid concentrations range between 10 and 20 % in cellular membranes [75] , this property of RasGRP C1 domains may be of a biological significance and, in particular, could contribute to the differential targeting of RasGRPs to specific membranes within cells. In the following experiments, we tested the hypothesis that the C1 domains of RasGRP2 and RasGRP4β could contribute to membrane binding in vivo, despite being unable to bind to DAG.
Only the DAG-binding C1 domains of RasGRPs can complement a membrane-binding-deficiency mutation in K-Ras
Complementation of a membrane-localization-defective mutant of K-Ras has been used previously to demonstrate the ability of the RasGRP1 C1 domain to confer membrane binding [38] . We used this approach to test the abilities of the other RasGRP C1 domains to bind membranes in vivo, to determine whether membrane binding could occur even when the C1 domain was unable to bind specifically to DAG.
In NIH 3T3 cells, constitutive signalling from the mutationallyactivated Q61N form of K-Ras induces oncogenic transformation, detectable by cell contraction from the substratum, high refractility and loss of contact inhibition. Signal transduction by KRas is entirely dependent on its membrane localization, which is naturally provided by prenylation at the C-terminus, in combination with a polybasic cluster of amino acids ( Figure 8A) . As a result, the Q61N 173-188 K-Ras double mutant (KRas ), which has a deletion of the C-terminal basic cluster and prenylation signal, was non-transforming. Reattachment of the basic cluster and prenylation signal to K-Ras resulted in restoration of transformation, which was evident even when the cells were cultured in only 0.5 % serum ( Figure 8B) .
Attachment of the RasGRP1 C1 domain to the C-terminus of K-Ras resulted in transformation when the cells were cultured in 10 % serum, but not when they were cultured in 0.5 % serum. The serum-independent transformation by prenylated K-Ras, compared with the serum-dependent transformation by K-RasRasGRP1 C1 domain may reflect the depletion of a seruminduced C1 ligand, presumably DAG. This interpretation is supported by the observation that transformation via the K-RasRasGRP1 C1 fusion protein did occur when the low-serum medium was supplemented with a C1 domain ligand, PMA. Equivalent experiments using DAG supplementation were deemed impractical, because DAG is rapidly metabolized.
The C1 domains of RasGRP3 and RasGRP4α demonstrated equivalent behaviour to that of the RasGRP1 C1 domain in conferring serum-dependent or PMA-dependent complementation of the membrane-binding mutation in K-Ras ( Figure 8B ). In contrast, the fusion of K-Ras to the C1 domains of RasGRP2 or 4β were non-transforming under any conditions. This experiment confirmed that stable membrane binding and responsiveness to PMA are restricted to the C1 domains of RasGRP1, RasGRP3 and RasGRP4α, and demonstrated that the C1 domains of RasGRP2 and RasGRP4β are incapable of conferring membrane binding to K-Ras at the level required to trigger NIH 3T3 cell transformation.
Despite lacking discernible membrane localization in vivo, the C1 domain of RasGRP2 can functionally replace the C1 domain of RasGRP1
Expression of RasGRP1 also induced transformation of NIH 3T3 cells via its stimulation of GTP loading of Ras GTPases [38] . Because all Ras GTPases are membrane-localized, RasGRP1 presumably has to interact with membranes to be active, although this interaction could be weak and transient. Deletion of its Cterminal region, including the C1 domain, completely eliminated membrane localization and transforming activity of RasGRP1, while reattachment of just the C1 domain fully restored membrane localization and transforming activity [38] . Along with the observation that the C1 domain can be functionally replaced by a membrane-localization signal, this demonstrated that transformation by RasGRP1 is dependent on the ability of its C1 domain to confer membrane localization [38] . This enabled the functional replacement of the C1 domain of RasGRP1 to serve as an indicator of the ability of another C1 domain to confer membrane binding sufficiently in order to support Ras activation by RasGRP1.
Similarly to their effects on K-Ras, the C1 domains of RasGRP3 and RasGRP4α were also able to restore transformation to the deleted form of RasGRP1 (RasGRP1 ), while the C1 domain of RasGRP4β did not ( Figures 9A and 9B) . Unexpectedly, the C1 domain of RasGRP2 was as effective as the DAG-binding C1 domains of RasGRP1, RasGRP3 or RasGRP4α in restoring the transforming activity of RasGRP1 . The localization of Ras-GRP1 fused to the RasGRP1 or RasGRP3 C1 domains was very similar to the localization of the isolated C1 domains, being concentrated in the regions occupied by the ER and the Golgi ( Figure 9B ). In contrast, the RasGRP1 fusions to the C1 domains of RasGRP2, RasGRP4α and RasGRP4β were much more diffusely distributed, such that they were not easily distinguishable from GFP alone. Therefore the abilities of the Ras-GRP2 and RasGRP4α C1 domains to functionally replace the C1 domain within RasGRP1 occured despite their inabilities to mimic the observable membrane localization properties of the RasGRP1 C1 domain. It is evident that, although membrane localization of RasGRPs is essential for accessing membranebound Ras and Rap substrates, this can occur at a low and transient level which is not observable by microscopy. Membrane binding by the RasGRP4α C1 domain appears to be partially destabilized by the attachment of the RasGRP1 protein, but a weak interaction with DAG in membranes may explain the ability of this C1 domain to restore transforming activity to RasGRP1 . However, the experiments demonstrating a lack of DAG binding by the RasGRP2 C1 domain, implying that the RasGRP1 +RasGRP2 C1 domain fusion protein must be activated by another mechanism. This possibly reflects the ability of the RasGRP2 C1 domain to bind weakly to membranes via anionic phospholipids.
The C1 domain of RasGRP4β was unable to activate RasGRP1 ( Figure 9B ), thus distinguishing it from the RasGRP2 C1 domain. It is possible that the RasGRP4β C1 domain makes a functionally significant contribution to membrane localization, but that this is effective only in co-operation with other domains of RasGRP4. To test this, we compared the localization of RasGRP4α with RasGRP4β in NIH 3T3 cells as these two proteins differ only by the five-amino-acid insertion in the C1 domain of RasGRP4β ( Figure 9C ). RasGRP4α was excluded from the nucleus and partially concentrated in the perinuclear region occupied by the ER (Figure 9D ), which was similar to the distribution of the isolated C1 domain of RasGRP4α (Figure 2A ). In contrast, RasGRP4β was distributed throughout the cell ( Figure 9D ), equivalent to the distribution of GFP alone or the isolated C1 domain of RasGRP4β (Figure 2A ). These results indicated that the C1 domain is the primary determinant of RasGRP4α membrane localization in NIH 3T3 cells, and that the five-amino-acid insertion in the RasGRP4β C1 domain renders it non-functional as a membrane-localization domain.
DISCUSSION
The presence of C1 domains in all RasGRP proteins, followed by the convincing demonstration that RasGRP1 is regulated by DAG binding directly to its C1 domain, has fostered the assumption that all RasGRPs are regulated in the same way as is RasGRP1 [48, 50, 51, 56, 57] . We have directly addressed the question of whether all RasGRP C1 domains are functionally equivalent by several independent experimental approaches: fluorescence microscopy and cell fractionation of the distribution of GFPtagged C1 domains, direct lipid vesicle-binding assays, and PMA-and serum-dependent complementation by C1 domains of K-Ras defective in its membrane binding. The results demonstrated that the RasGRP C1 domains can be divided into two distinct classes. The translocation of the C1 domains of RasGRP 1, RasGRP3, and RasGRP4α to membranes can be driven by their binding to DAG or its functional analogue PMA, although the RasGRP4α C1 domain has a reduced affinity for DAG in vitro and shows less intense co-localization with membranes in vivo. In contrast, the C1 domains of RasGRP2 and RasGRP4β were unable to bind DAG or PMA and were not detected to co-localize with membranes in vivo. Previous reports of phorbol ester-induced or PLC-dependent activation of RasGRP2 or 4β, which were interpreted as evidence for direct binding of their C1 domains to phorbol esters or DAG [43, [45] [46] [47] [48] [49] , may have instead reflected the involvement of DAG or phorbol-ester-dependent PKCs in the activation of these two RasGRPs.
In the RasGRP2 C1 domain, the combined effects of the alterations at positions 8, 12 and 22 in comparison with other RasGRPs may have altered the structure of the ligand-binding pocket sufficiently to prevent DAG or phorbol-ester binding. The position 8 alteration is of particular interest, because mutation of this residue from tyrosine to serine (the residue in RasGRP2) eliminated the localization of RasGRP1 to internal membranes [36] , which could reflect a loss of DAG binding. Our data demonstrated that the five-amino-acid insertion at the base of the B loop of the ligand-binding pocket of the RasGRP4β C1 domain is sufficient to eliminate DAG binding and phorbol ester binding, and also eliminates membrane binding as detected by microscopy or complementation of the membrane-binding-defective mutants of K-Ras or RasGRP1. The alternative splicing event affecting this C1 domain apparently provides a mechanism for generating two functionally distinct forms of RasGRP4, one with and one without the capability of being activated by DAG-mediated translocation to membranes.
RasGRP2 and RasGRP4β presumably underwent opportunistic evolution away from DAG-mediated regulation following the expansion of the RasGRP family by gene duplication and acquisition of alternative splicing. Conservation of the basic structure of these two C1 domains and their retention of membrane binding via anionic phospholipids suggests that they still play significant roles in the interactions of RasGRP2 and RasGRP4β with membranes. We tested the hypothesis that these C1 domains have evolved to recognize different lipid signal transducers, but none of the C1 domains examined had specific binding to PA, LPA, ceramide, sphingosine 1-phosphate, oleic acid or arachidonic acid in the vesicle-binding assay. An alternative hypothesis is that the C1 domains of RasGRP2 and RasGRP4β, as well as those of the other RasGRPs, provide a weak membranebinding site via their electrostatic interactions with anionic phospholipids. The surface of the PKCδ C1b domain contains basic residues which are positioned to interact with an anionic membrane surface [12, 63] . The RasGRP C1 domains contain these and additional basic residues positioned appropriately for interaction with anionic surfaces, particularly at positions 10 and 32 ( Figure 1 ). The RasGRP C1 domains are also bordered at their C-termini by a three-or four-residue basic patch ( Figure 1A ) which enhances binding of the RasGRP1 and RasGRP3 C1 domains to PMA/PS micelles [19] . Our analyses have demonstrated that all C1 domains bound phospholipid vesicles in proportion to the anionic lipid content and that this binding is insensitive to the specific headgroup and can occur in the absence of DAG. In the case of a DAG-binding C1 domain, the weak electrostatic interaction with negatively charged phospholipids may facilitate a two-dimensional search for DAG on the membrane surface, as well as reinforcing the membrane-binding strength of the ligated C1 domain. For the C1 domains of RasGRP2 and RasGRP4β, a DAG-independent electrostatic interaction with membranes is evidently insufficient to dictate strong membrane binding in vivo, since RasGRP2 and RasGRP4β did not noticeably co-localize with membranes or complement the membrane-binding-defective K-Ras mutant. However, the RasGRP2 C1 domain can functionally replace the C1 domain within RasGRP1. As the C1 domain is essential and sufficient for RasGRP1 membrane localization, leading to Ras GTP loading [38] , this implies that the RasGRP2 C1 domain can provide membrane binding to a physiologically significant extent despite its lack of detectable DAG binding and lack of membrane localization observable by microscopy. It appears that the association of RasGRP1 with membranes can be quite weak and yet still be sufficient for Ras activation, as detected by transformation of NIH 3T3 cells. In contrast, K-Ras may have to be more stably bound to membranes in order to transduce signals sufficient to maintain transformation of NIH 3T3 cells.
In addition to the RasGRP2 C1 domain, there are other examples of C1 domains which do not bind DAG and do not provide microscopy-detectable binding to membranes on their own, but are required for efficient localization to membranes. The Raf-1 C1 domain is required to stabilize membrane binding via the adjacent Ras-binding domain [20] , while the C1 domain of KSR makes an essential contribution to mediate constitutive localization to internal membranes and is needed for cytokine-induced translocation to the plasma membrane [15] . The inability of the C1 domain of RasGRP4β to confer transforming activity on either RasGRP1 or RasGRP4α may be due to its lower binding to anionic phospholipids relative to the C1 domain of RasGRP2 (Figure 7) . It is possible that, under some circumstances (although not in NIH 3T3 cells), this C1 domain can also make physiologically significant contributions to membrane binding by RasGRP4β. However, it could be that the alternative splicing event which converts RasGRP4α into RasGRP4β has the purpose of eliminating any contribution of the C1 domain to RasGRP4 activation.
